
New yttrium evaluated cross
sections and impact on
88Y(n,2n) 87Y radchem

M.B. Chadwick, T. Kawano, M. White, R.
Nelson, Devlin, Fotiadis, P. Garrett, J.A. Becker

March 4, 2004

UCRL-TR-202884



This document was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor the University of
California nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademark, manufacturer, or
otherwise, does not necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States Government or the University of California. The views and
opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or the University of California, and shall not be used for
advertising or product endorsement purposes.

This work was performed under the auspices of the U.S. Department of Energy
by University of California, Lawrence Livermore National Laboratory under
Contract W-7405-Eng-48.

UCRL-TR-202884



����� �����
	����� ������������
��� ��	����
� �����!������"�� ��"�� ��� #����!�
��" $%$'& ()"+*-,."0/1$%2%& 	������43����

57698�6;:=<?>A@)BDCFEHGJILK?M�6ONP>QB=>SRJT'IUKO576JVW<JCYX[Z\IHKO]�6?^_Z�`bacT%RdIUKJefZLg'`FCbRdI-K?h?TSXcCi>S@JCbaUI
jk6;lP>SmnmcZLXnX[o�K;p)6rqs6O84Z�EHGSZLmco

Int�RJCYg%Z�mnacCYXvu�TSw
:x>S`FCYwyT%mcRJCF>)K{z|TSa_q�`i>S}�T%a!^�>AX[CbT%R?>S`1z|>S~dTSm[>AXcT%mnuSK
z|TSa!q�`i>A}�T%aLK?^�ZUB�5�Z-�{CFE�T $�2%�\��� K?t��{q

o t�R)Cbg%ZLmcanCbXvu�TSw
:x>S`FCYwyT%mcR)Ci>)K'z|>�BDmcZ�R)E�Z.z|CYg%ZLmc}�T%mcZP^�>AX[CbT%R?>S`�z|>S~;T%mc>AX[T%m�u%K
z�CYg%Z�mn}�TSmcZSK?:x>S`FCYwyT%mcRJCF>s� ���%�S� K?t��{q

�s�d�-�U�L�'�Q�
���
�H���������Q�����)�H���d �¡v¢)£¥¤¦�¨§\©[ª%�H«¬©-¤¦�®�®¯®-�°©U�i±i���®¯�S®n±F�A²=¤v��©n�H�'�'³;´=µ!¶1·O¸1¹1º|¸k´4µ=»v¸«��°��®c�S¤°�[«��H�'�F®.���{§¼º|µ4´D¶S½¾����©H�¿�°��¤�«P-§\�H�¯©����À©H�%�À�Q�i±Á���®�Âx�y°²A�-�Fª%�[¤���±i�FªPÃ)¤v�H�U±Á��S®«��°��®c�S¤°�[«��H�'�F®f�Q��³Ä±F���H¤n«P�¤°��Å[ÆfÇD±y�H�i¤c±Á©[ª��H�����ÉÈÊ´ÌË-�����'�i± Ík©��Q�i±Á��Î¦Ï_«��Q¤i²¨±b��®��Q�{§�%�{©n�H¤c�y��±F�'�i±y�c®�ÐnÑ¯Ò0Ó{Ô����{����Æ�®n±b®.�¿�°�¨§�®s�yÕ�H���������Q���°§Î©H¤v�®�®P®-�°©U�i±i���®�Ï[Q¤��Fª%�ÕÐ���ÂFÖ\�QÔÃ%nÃ{�%�À�Q�i±Á��7¦ÏP�Fª%� ¡v¡ £�²Q¤v��%�{§�®c�y�¨�������{§�«�×�Â4«fÖ�±b®[Q«P�H¤�®nÂ=�y°²S�H�Fª%�H¤P��±i�FªÕ�%�{©c�[¤cØ�y��±F�'�i±Á�[®[ÈÚÙ
�S¤��J�[�Û¤v�[®n�%�É�F®s�-²Q¤°���.��±i�Fª�ª\±b®c�y�¤c±Á©�¤¦�\§¨©[ª%�H« §¨�Q�y�\Å���®H��©H¤v�®�®P®-�°©U�i±i���®��±F�FªA±b����Ï-�[��Ã��H¤¦©c�[�'�¯Ån�[�À��Ú×¨ÜDÒ���Ý�Ð���±F�Fª��À��¤Á²A�H¤x§�± Þ=�H¤v�H�{©n�[®=�\Å°Q���!×¨Ü�ÒÎ��Ý�ÔUÂd�Q�{§�Fª%�[Æ��Fª%�[¤°�iÏH�¤°�_Ã{¤v��U±Á§\����������±i§\�Q�i±iQ�Ú¦ÏP�Fª%�Pª\±b®c�y�¤c±i©P´x¤c�Fª\�%¤��¯�¤nß��FªS�Q�4±b®��S®H��§¥±F�³;´=µ4³à®c±b«f�%�É�¨�i±i��Î©n-§\�[®[È¶�±F�{©c�¥�Fª%��Ð���ÂFÖ\�QÔÎ©H¤v�®�®á®-�°©-�i±Á���®��y��Fª%� ¡v¡ £â²\È¿®[Èã�Q�{§�«P×�Âf«fÖ�±b®[Q«P�H¤�®¥±F«fØÃ%�¨©U�¯�Fª%�������H¤¦�U²A��¡v¡?£kÐ���ÂFÖ\�QÔc¡°äJ£�©H¤v�®�®=®H��©-�i±Á����¨���À���¨§�±F�A²QØv�¤v§\�[¤nÂ¯�k��§\�H���H¤n«f±F�)�_�Fª%��)�[��×Hå'ÈF×!ÒÎ��ÝÕ���Q�[¤v�-²A� ¡v¡ £�Ðy��ÂiÖ¨�QÔ ¡°ä £�©H¤v�®�®�®-�°©U�i±i��ÕÐæ©-¤n��©-±i���F��ÆD±b«4Ã%Q¤c�y���{�%Ï[�¤�¤v�¨§�Ø©[ª%�H«=Ô�ÈàÙ
�%¤P�J�[�¬×HåÎÒÎ�'Ýâ�����H¤¦�-²S�f¡v¡?£�Ðy��ÂiÖ¨�QÔ[¡°äJ£ã©H¤v�®�®.®H�°©U�i±iQ��±Y®.×¨×Aç%è�«�ÅÕÐFéå?ê�Ô��Äª\±Á©[ª��-²Q¤°���[®4��±i�Fª.�Fª%�x���������D\ÅH�y��±F�)��§
Ïn¤v�«¾�Fª%�xª\±Y®[�y�¤c±i©=´=¤c�FªA�S¤x©H¤v�®�®=®H��©-�i±Á��§¨�Q�y���y¥çQÈæèsêDÈ

ë ì "��
	�������D�
����"
ífXnX[mnCFîJ}ðïJ`F>�u{a4>.ELZ�R�X[mc>S`;mcT%`bZ_CbR�mc>S@JCbT{EH<JZL}�CbE�>S`)@JCi>SñSRJT%anXcCFELa�TAwÄwyîJacCbT%R�u'CbZ�`F@16
h?T%m�X[<JCba�K{>SEUò
E�î)m[>AXcZ=E�mnT%acakacZLELX[CbT%RJak>SmcZ�RJZLZ�@JZL@ÄK�>SRJ@.CFRPX[<JZ�óQ� 2S� a¯ô�@�q�mnX[<�îJm¯@JZUg%Z�`bT%ï;Z�@�õyq�mnXc<�îJm�K{óQ� 2%2%ö>PacZLX4TSw;u�XcX[mnCFîJ}÷E�mcTSacaÊacZLELX[CbT%RJa
ø�Xc<JZDï?>AXc<�B=>�u'a=ZLgA>S`bî?>AXcZ�@¥CFR¥X[<JCba!ù9<)CFanXcT%mcCbESù%@J>AXH>S~J>SacZ_>SmnZ
ac<)T¨BDR�CbRÕh�Cbñ%îJmnZ.ó%6
t�acZ�TSw�~;TSX[<�ZU�{ïdZLmcCb}�ZLR�X[>S`O@?>AX[>)K'BD<)Z�mcZf>QgA>SCb`i>S~)`FZSK%>SRJ@Õ}�T{@)Z�`OE�>S`bE�î{ò
`i>\X[CFTSRJa�KSB=>SaÊ}�>S@JZS6kq¬GSZUu¥ú'îJ>SR�X[CbXvu.wyT%m�CFR�XcZ�mcï)mcZLXcCFRJñ�mc>S@JEH<JZL}û@?>AX[>�CFa�Xc<JZ $�2%üS$%$ u'XnX[mnCFîJ}

ó

UCRL-TR-202884



m[>\X[CFT)K�BD<)CFEH<�CFR�`FZ�>S@JCFR)ñsT%mn@JZ�m�wyT%m=`bT¨Bþý?îJZ�R)E�Z�a!@)Z�ï;Z�RJ@Ja!î)ïdT%R�X[<JZ�>QgSZ�mc>Sñ%Z ¡v¡ í¥õ�RÄK�ÿAR ö ¡°ä íE�mnT%aca!anZ�EUX[CFTSRÄ6��vR�`FZ�>A@JCFRJñ.T%mc@)Z�mPõæpSîJRJñ%}�>SRÄKJÿ �%� ÿ ö X[<)ZP>QgSZ�mc>Sñ%Z�E�mnT%aca!anZ�EUX[CFTSR�CFa=ñSCbg%ZLR�>Sa��� ¡v¡��!¡°ä õ��
	-ÿ�� ö����� I ����� ���¡v¡��D¡°ä õ���	-ÿ�� ö������ o ��� I¡v¡��!¡°ä õ��
	-ÿ�� ö�������� ��� o¡v¡��!¡°ä õ��
	-ÿ�� ö õ�ó ö
BD<JZ�mnZ ��� I K ��� o K ����� K1>SmcZ.X[<JZ�~)m[>SRJEH<)CFRJñÕmc>AX[CbT�wymc>SELXcCFT%RJa_wyT%máõ���	-ÿ � ö mnZ�>SEUX[CFTSRJa�T%R ¡v¢ íñ%T%CbRJñ0X[TâXc<JZàñ%mcT%î)RJ@ÄK"!�óSK�>SRJ@#!Îÿ0a�XH>AXcZ�a�6$�vRWX[<JCba�`FTQBxò¦ýJîJZ�RJELZà`FCF}�CbX�KxX[<JZà}�Z�>SanîJmcZL@

õ�anZ�ELT%RJ@{ò¦T%mc@JZLm ö ^�õ $�2 í önü ^�õ $%$ í ö m[>AXcCFTáTSw
>AX[TS}�axTAwku�XcXcmcCbîJ} CFanTSX[TSïdZLa!CFa!ñ%CYg%Z�RÎ~�u% õ $�2�&áö(' % õ $%$)&sö� õ°ó ' ÿ ö � ¡v¡��!¡°ä õ���	Hÿ�� ö+* õ ÿ ö
VW<JZ�mnZ * Cba_Xc<JZ.R)Z�î)XcmcT%R¼ýJîJZ�RJELZS6DM!<JZ�w�>SELXcT%m�TAwxó ü ÿ¥E�>SR�~dZ�îJRJ@)Z�mca�X[T'T{@¼CFR�X[îJCYX[CYg%Z�`Yu>Sa
wyT%`b`FTQBDa�6¯qxX
XcCF}�Z-,�ZLmcTJK%Xc<JZxCbRJCbXcCi>S`'>S}�T%îJR�X
TAw ¡v¡ í¬CFa�,LZ�mnT#.'>AX
X[<)Z!Z�RJ@áTSwOXc<JZ!CFmnm[>S@JCF>AX[CbT%R

CbXfCFa/% õ $%$0&�ö .¯>SRJ@àT%Rà>�g%ZLm[>SñSZ�@)îJmcCbRJñÕX[<JZáCbmcmc>S@JCi>\X[CFTSR�X[<)Z¥>S}�TSîJR�X�TSw ¡v¡ íðX[<?>\XPE�>SRà~;ZE�TSR�gSZ�m�X[Z�@�X[T ¡°ä í g{CF>Îõ�RÄK�ÿAR ö mnZ�>SEUX[CFTSRJaDCFa�ó ' ÿ�%0õ $S$0&sö 6�vR.X[<)Z=ïJmnZ�acZLR�X
B=TSmcGOKAXc<JZ!lPô�qf^1�°ô�}�Z�>SanîJmcZL}�ZLR�XkwymnT%}�>�z|z|^�z1ò°z�q�^�zÕE�TS`F`i>A~dT%mc>AX[CbT%R
õ lP>SmnmcZLXnX325476)8:9�K?ÿ �%�0;�ö ï)mcTQg'CF@JZLa�>áELT%}�ï)mcZ�<)Z�RJanCbg%Z�@JZLacE�mnCFï)XcCFT%R�TSw¯X[<)Z�ï;T%ïJî)`i>AXcCFT%R�TSw¯X[<)Z
$%$ í ñ%mnT%îJRJ@ anX[>AX[Z�>SRJ@ }ÎóÎCbacT%}�Z�m<�Î>S`F`xanCFñ%R)C>=?E�>SR�X¥ñ�>S}�}�>\ò¦m[>�u7@JZ�E�>Qu'a�X[<?>AX�ï;T%ïJîJ`F>AX[ZX[<)Z�acZ�anXH>\X[Z�a=>SmcZ_}�Z�>SanîJmcZL@Ä6�M!<�îJa�K)Xc<JZ_ïJmcCbRJE�Cbï?>S`OmcT%`bZDïJ`i>�u%ZL@Õ~�u�l�^_q��@?WR�îJE�`bZ�>Sm�X[<JZLT%mnu
CFa�X[T�ïJmnZ�@JCbELXfXc<JZáîJRJ}�Z�>SanîJmcZL@àE�T%R�X[mnCF~Jî{X[CFTSRJaf@JîJZ�XcT�RJZ�î{X[mcTSRÚanCF@JZUwyZ�ZL@JCFRJñÚõyC 6rZS6PRJZLî)X[mnT%R
Z�}�CFanacCbT%R�X[<J>AXx`bZ�>S@Ja4X[TsXc<JZ�ïdTSïJîJ`i>\X[CFTSR�TSw|Xc<JZfñ%mnT%îJRJ@�a�XH>AXcZ�>SRJ@�CbacT%}�Z�mnCFE_anXH>\X[Zf@JCbmcZLELX[`Yu%K
BDCbXc<JT%î)X�ñ�>S}�}�>¨òvm[>�u @JZ�E�>Qu ö KDXcTâ>SîJñS}�ZLR�X�X[<)Z�lPôÊq�^1�°ô }�Z�>Sacî)mcZ�}�Z�R�Xca�6A�vRþT%mc@JZLm�XcT
~JîJCb`F@�E�T%R@=J@JZ�RJELZáCFRÎX[<JZá>AE�E�î)m[>SEUu¼TSw�Xc<JZsE�>S`FELîJ`i>\X[CFTSRJa�K?B4Zá>S`FanT�ELT%}�ïJ>SmcZ�X[<JZ.E�>S`bE�îJ`F>AX[ZL@
ñ�>S}�}�>\òdm[>�usELmcT%ana�acZLELX[CbT%RJa�wyTSmkwyZ�ZL@JCFR)ñ�X[<JZ=ñ%mcT%î)RJ@{òva�XH>AXcZ!>SRJ@áCbacT%}�Z�mna¯BDCYX[<�Xc<JZDlPôÊq�^1�°ô
}�Z�>SanîJmcZL}�ZLR�Xca�6�vR�Xc<JZPE�>SanZ.TAwkXc<JZP}ÕÿsCbacT%}�Z�mLK?lPôÊq�^1�°ôÛ@JT'Z�a!R)TSX_}�Z�>SacîJmnZ�>¥anCFñ%R)C>=?E�>SR�X!wym[>SEUX[CFTSR�TSw
X[<)Zs@JZLE�>�u'a�X[<?>\X�wyZLZ�@�CYX�K;>SRJ@ÎX[<JZLmcZLwyTSmcZsE�>SRJRJTAXf~;Z.îJanZ�@�<JZLmcZ <JTQB=ZUg%ZLm�K1wyT%m�X[îJRJ>AX[ZL`bu�X[<)Z
}�ÿ�CFanT%}�ZLm.ï)mcT'@JîJELXcCFT%R¬õæ>SRJ@7X[<JZÕ}Îó%Kk~Jî)XáRJTAXsX[<)ZÕñ%mcTSîJRJ@0a�XH>AXcZ ö B4Z�mnZ�CFRJ@JZLïdZLRJ@JZLR�Xc`bu}�Z�>SanîJmcZL@¼~�u�efCFZLXcmcCbEH<ÎZUX�>S`¯>AX�ó � 6Yós5ÎZ<B�Kd>SRJ@�X[<)Z.ïJmnZ�anZ�R�X�B4T%mcGÚõy`FCbGSZPq�m�X[<�îJmca_<JCbanX[TSmcCFEB4T%mcG ö }�>SGAZ�aDîJanZ�TAw�X[<)Z.efCbZLXcmcCFEH<�@J>AXH>)65¼>SR�u�ïJmnZLg'CFTSîJa
}�Z�>SanîJmcZL}�ZLR�Xca�ZU�{CFa�X
wyT%m¯X[<JZ=XcTSXH>A` ¡v¢ í¥õ�RÄK�ÿAR ö ¡v¡ íWE�mnT%aca�anZ�ELXcCFT%R16
M!<JZ�anZïJmnT¨g'Cb@JZP>SR�CF}�ïdTSmnXH>AR�X=E�T%R)anX[mc>SCFR�XDT%R�Xc<JZ�acîJ} TSw¯X[<JZ�ZUgS>A`Fî?>AXcZ�@7õ�R1KÉÿAR ö E�mnT%acaDacZLELXcCFT%RJa!XcTX[<)Z�ñSmcT%îJR)@�a�XH>AXcZSKO>SRJ@Î}Îó%K)}�ÿ�CFacTS}�ZLmca�6�M!<)Z�acZ�@?>AX[>¥>SmcZPac<)T¨BDR�`i>AXcZ�mxCbR�X[<JCba_mnZ�ï;T%mnX�6

, � ��_���f�s	 ��3��f��	
� �s"�� � ����������"DC � ����3������
M!<JZ l�^_q��@? R�îJEL`FZ�>Sm�mcZ�>SELXcCFT%RWE�T'@JZ õií�T%îJRJñE254F6)8:9�K.óQ�%� $�ö Bx>Sa�îJanZ�@WX[Tã}�T{@JZL`�X[<)ZRJZLî)X[mnT%R7mnZ�>SEUX[CbT%RJafT%R ¡v¢ í�6Äq�RàZ�>Smc`bCFZ�m_g%ZLmcacCbT%RÚTSwÊX[<JCbafE�T'@JZ�B=>SaPîJacZL@7~�u�q�mnXc<'î)m�CbR�<JCFa
T%mnCFñ%CbR?>S`Ou'XnX[mnCFîJ} E�mnT%acaDacZLELXcCFT%R�B4T%mcG�CFRÕX[<)ZáóQ� 2S� aD>ARJ@�Z�>Smn`bu¼óQ� $%� aL6Ê^�ZUBÌ>S@{gS>ARJE�ZL}�ZLR�XcaCFR�X[<JZ�E�>A`FE�î)`i>AXcCFT%R?>A`%}�ZUX[<JT'@Ja¯E�T%}�ï?>SmnZ�@�X[TDX[<JZ4Z�>Smn`bu�B4T%mcGPCFR)E�`Fî)@JZ�>�}�T%mcZÊ}�T{@JZLmcR�X[mcZ�>AXnò
}�Z�R�XfTSw
ïJmcZLZ�ú�îJCF`bCF~JmnCFîJ} mcZ�>AELX[CbT%R¼ï)mcT'E�Z�anacZLa�.|>�}�T'@JZ�`bCFRJñ¥TSw�ñ%>S}�}�>\ò¦m[>�u�@JZLE�>�u¼a�X[mnZ�RJñSXc<
wyîJRJEUX[CbT%RJa�îJacCbRJñÎXc<JZ�NPTSïdZLEHG�u�òvt�<J`�wyT%mn}�>S`bCFan}G.|>SR)@ îJanZ�TSw=}�TSmcZá}�T{@JZLmcRÚR�îJE�`bZ�>Sm�acï;Z�E-ò
X[mnT%acELT%ï�u�CFR)wyT%mn}�>\X[CFTSRf@JZ�anE�mnCF~JCbRJñ�`bT¨Bxò¦`bu'CFR)ñ!`FZLgSZ�`bak>ARJ@.Xc<JZ�Cbm¯ñ%>S}�}�>\ò¦m[>�u�@)Z�E�>�u�~Jmc>SRJEH<JCbRJñ
wym[>AELX[CbT%RJaL6

ÿ

UCRL-TR-202884



?�TQB=ZUg%ZLm�K|B=Z¥<?>�g%Z¥}�>SCFR�X[>SCFRJZL@�acTS}�ZáTSw�X[<)ZáT%mcCbñ%CFR?>A`k}�T{@)Z�`FCbRJñ�@)ZLXH>ACF`Fa�X[<?>AXPq�mnXc<'î)m
@JZUg%Z�`bT%ï;Z�@Ä6ÊM!<JZ_acïJ<)Z�mcCbE�>S`OT%ï{X[CFE�>S`?}�T{@JZL`JB=Z�îJacZL@�B=>Sa=~J>SacZL@ÕT%R�q�mnXc<�îJm�ùra=T%mnCFñ%CbR?>S`'B=T%mnGOK
acCbRJE�Z�CbX!B=>Sa_E�>SmnZLwyîJ`b`bu�@)ZLg%ZL`FT%ï;Z�@ÎX[T�}�T'@JZL`ÄG�RJTQBDR�Z�`F>SanXcCFEP>SRJ@�X[TAXH>S`�RJZLî)X[mnT%R¼anE�>AXnX[ZLmcCFR)ñ
@?>AX[>)K�>SR)@¥��ò¦B=>�g%Z!a�X[mcZLRJñSXc<�wyîJRJELXcCFT%R)a�6
M!<JZ=T%ï)X[CbE�>S`�}�T{@)Z�`�wyT%m�EH<?>Amcñ%ZL@{òvï?>AmnX[CbE�`bZ4ZL}�CbacacCbT%RÄK
ï?>Sm�X[CbE�îJ`F>Smc`YuãïJmcTSXcT%R¬Z�}�CFanacCbT%RÄKxB=>SaÕgA>S`FCb@?>AX[ZL@¬>Sñ�>ACFRJa�XÕ}�Z�>SanîJmcZL@ ï � �'mÕmcZ�>SELXcCFT%RÛELmcT%anaacZLELXcCFT%R�>SRJ@ õ�ïÄKrR ö @?>AX[>)6�v}�ï;T%mnX[>SR�X[`Yu%K1B4Z¥<?>�g%ZáwyT%`F`bTQB=ZL@Úq�mnXc<'î)m�ùra�TSmcCFñSCFR?>S`k>SanacîJ}�ï)X[CbT%RÄK�~?>AacZ�@ÚT%RÚ>SRàZ�>Amc`FCbZ�m
B4T%mcG7õæefCbZLXcmcCFEH<H254I6)8:9�K¯óQ� 2A��ö >\Xfz�CbgSZ�mn}�T%mnZSK?wyT%m!X[<)Z ¡v¡ í÷acï;Z�ELXcmcT%anE�T%ï�uS6f�{ï;Z�ELC>=?E�>S`F`Yu%KJB4Z<?>�g%Z�>SacanîJ}�Z�@7Xc<JZ�mnZ�Z-�)CbanXcas> 20� a�XH>AXcZ�Xc<?>AX.CFaPï?>Sm�X.TAw!>�ï?>SmnXcCFEL`FZUò¦<JT%`bZ�~?>SRJ@7TSwxa�XH>AXcZ�aLK
$J� K 20� K@K � K �0� K�wyT%mc}�Z�@�wymcT%}ûXc<JZ�ELT%îJïJ`bCFRJñ�TSw�õ�L ¢�M o ö ïJmnTSX[T%R'òvï?>Sm�X[CbE�`FZAKiõNL ¢�M o ö RJZLî)X[mnT%R{ò¦<JT%`FZanX[>AX[ZLa�KdTSw
BD<JCbEH<�X[<)Z $J� `bT¨B4Z�a�Xnò¦`bu'CFRJñ�anX[>AX[Z�CFaDX[<)Zs}�ÿ¥CbacT%}�Z�mDTSw�CbR�X[Z�mnZ�a�X�6Dô
g%ZLR�X[<JT%î)ñ%<X[<)Z 2)� a�XH>AXcZ�<J>Sa�RJTSXP~;Z�ZLR7}�Z�>SanîJmcZL@ÄK�CbXfCFa�<JCbñ%<J`bu�ïJmnT%~?>S~J`bZsX[<J>AXPCbX�Z-�{CFanXca�6áM!<JCbafX[<JZLR>S`b`FTQBDa�Xc<JZáanX[>AX[ZLaOK � 6bK �)�$P�QSR X[T�ñ�>S}�}�>\òvmc>Qu�@)Z�E�>�u�>AXP>ÕacCbñ%RJC:=?E�>SR�X�`FZLgSZ�`�Xc<JmcTSîJñ%<�X[<)Z
20� anXH>\X[ZPCFR�X[T�Xc<JZ $J� }ÕÿsCbacT%}�Z�mnCFE�a�XH>AXcZS6�VWCbXc<�X[<JCba!>SacanîJ}�ï)X[CbT%RÄKOlP^�qf�@?ÌE�>S`bE�îJ`F>AX[CbT%RJa>SmnZ�CbR�ñ%T{T'@�>Sñ%mnZ�ZL}�ZLR�XDBDCYX[<�X[<JZP}�Z�>SanîJmcZL}�ZLR�X[a�6

T U ���s����.����� V 	����
�XW����!������"��Y[Z+\ ]<^�_a`�bdcfegbihkj@l$j#monqpsrtlsu/bov1w�xyj@z�j#n
q�a�>�gS>A`FCF@J>AX[CbT%R0X[ZLanX�K�B=Z�<?>�g%ZÎE�T%}�ï?>SmnZ�@ãX[<JZ¼lPôÊq�^1�°ôû}�Z�>SanîJmcZL}�ZLR�X�TSw�X[<JZÎacî)} TSw
ñ�>S}�}�>\òvmc>Qu'a�wyZLZ�@JCbRJñfX[<)Z_ñSmcT%îJR)@{òva�XH>AXcZSK�E�TS}�ï?>AmcZ�@�BDCYX[<áX[<)Z!E�>S`bE�îJ`F>AX[ZL@áacîJ}Î6
q�ñSmcZ�ZL}�ZLR�X
B=>Sa!acZLZ�RÕX[Ts~dZ�w�>ACFmc`Yuáñ%T'T{@�õæ>AX4X[<JZfÿ � ï;Z�mcELZ�R�XD`FZUg%ZL` ö K'ïJmnT¨g'Cb@JCFRJñsacT%}�Z�ELT%R@=?@JZLRJE�Z�CbR�X[<)ZE�>A`FE�î)`i>AXcCFT%R?>A`�}�ZLX[<)T{@Ja7õæ:=<?>S@)BDCbEHG;K�ÿ �%�0;�ö 6{�vR T%îJm�~;Z�a�X¼ZLanX[Cb}�>\X[Z�TSw�X[<JZàX[TAXH>S`fELmcT%ana
acZLELXcCFT%R�XcT�X[<JZ.ñ%mcTSîJRJ@�a�XH>AXcZSK1Xc<JZsELT%R�X[mcCb~Jî)XcCFT%R¼wymnT%} ñ�>S}�}�>¨òvm[>�uÕwyZLZ�@JCbRJñÕCba_X[>SGSZLRàwymnT%}
X[<)ZslPô�qf^|�°ôÛ@?>AXH>{KJRJTSX!Xc<JZ.l�^_q��@?¾E�>A`FE�î)`i>AXcCFT%RÄ6
M!<JZ�l�^_q��@?ÛE�>S`FELîJ`i>AXcCFT%R.CFa�îJanZ�@¥X[TP@JZUX[Z�mn}�CbRJZ=Xc<JZDîJRJ}�Z�>SanîJmcZL@�RJZLî)X[mnT%R¥acCb@JZLwyZLZ�@JCbRJñ

E�TS}�ï;T%RJZLR�XPõyBDCbXc<Õ>SR�Z�anXcCF}�>AX[ZL@ÕE�>A`FE�î)`i>AXcCFT%R?>A`?îJRJE�ZLmnX[>SCFR�Xvu�TSwkÿ �J}¥ö 6kVW<JZ�RÕXc<JCFa4CFa=@)T%RJZSK>SRJ@ >S@J@JZL@ XcT Xc<JZ7}�Z�>AacîJmnZ�@¾lPô�qf^|�°ô ñ�>S}�}�>\ò¦m[>�u wyZ�Z�@)CFRJñJK�X[<JZÚmcZLacîJ`YX�Cba�ac<JTQBDRÌCbR
h�CbñJ6
ó¼õ�=?`b`FZ�@àELCFmcEL`FZLa ö 6�M!<JZ�anZ�lPô�qf^1�°ô�ò°l�^_q��@?ð~;Z�anX.mcZLacîJ`YX[a.>SmcZ�>S`bacTÎE�T%}�ï?>SmnZ�@àBDCbXc<
X[<)Zs<JCbanX[TSmcCFE�q�m�X[<�îJm�ZLgA>S`FîJ>AX[CbT%R7õ�mcZL@�@?>San<JZ�@�`bCFRJZ ö 6D^_T�TSXc<JZ�m�}�Z�>SacîJmnZ�}�Z�R�X[a�ïJmcZUg'CFT%îJan`buZU�{CbanX[ZL@�wyT%mxXc<JCFa!ñSmcT%îJR)@�a�XH>AXcZ�ï)mcT'@JîJELXcCFT%R�ELmcT%ana�anZ�EUX[CFTSRÄ6~ î)m�R)ZLB ZUgS>A`Fî?>AXcCFT%RâTAw�X[<)CFa¥E�mnT%aca�acZLELX[CbT%R CFa¥ac<JTQBDR¬>Aa�>àacTS`FCF@ã`bCFRJZ�ò�~?>AacZ�@+îJï;T%R
CFR{wyT%mc}�>AX[CbT%RswymnT%} lPôÊq�^1�°ô ü lP^�qf�@?.K�wymcTS}ûefCFZUX[mnCFEH<¥}�Z�>Sacî)mcZ�}�Z�R�Xca�K{>SRJ@¥wymcT%}÷Xc<JZ_E�T%R{òanXcm[>SCbR�XkTAw{Xc<JZ�X[TSX[>S`;õ�RÄK�ÿAR ö ELmcT%ana¯anZ�EUX[CFTSR�BD<JCbEH<sCba�G'R)T¨BDR.m[>AXc<JZ�m|ïJmnZ�ELCFacZL`buS6
h?îJmnXc<JZ�m�@)ZLXH>ACF`FaT%R Xc<JCFa�ZLgA>S`bî?>AXcCFT%R7>SmcZ�ñ%CbgSZ�R0`F>AX[ZLm�6�M!<JZÕ~)`FîJZ¥X[mnCi>SRJñS`FZ�>AX�ó � 6Yó�5�Z5B CFa�T%îJm.ZLgA>S`FîJ>AX[ZL@~;Z�anX�Z�a�X[Cb}�>AXcZfE�mnT%aca_acZLELXcCFT%R�ò�acZLZPXc<JZ�>SïJï;Z�RJ@)CY��wyT%m!<)T¨B X[<JCbaxBx>Aa�@JZUX[ZLmc}�CFRJZL@Ä6Y[Z�e ]<^�_a`�bdcfegbihkj@l$j#mon���\q�Sx�l-�$n�r
h?T%m�gA>S`bCF@?>\X[CFTSR ï)îJmcï;T%acZLa�B4Z�E�T%}�ï?>SmnZ�@þXc<JZ�lPô�qf^|�°ô }�Z�>SanîJmcZL}�ZLR�XÕTSw�Xc<JZ¼anîJ} TAw �ñ�>S}�}�>\òvmc>Qu'a_wyZ�Z�@)CFRJñ�X[<)Zá}�óáCbacT%}�Z�mLKÄE�T%}�ï?>SmnZ�@�BDCYX[<�X[<JZáE�>S`FELîJ`i>\X[Z�@�anîJ}Î6sq�ñSmcZ�ZL}�ZLR�X
B=>SaÊ>Sñ�>SCbR.anZ�ZLR¥XcTf~;Z=w�>SCFmn`bu�ñST{T'@ÄK%>\X�X[<)Z!ÿ � ï;Z�mnE�ZLR�XÊ`bZLgSZ�`�õæ:=<?>S@)BDCbEHGOK'ÿ �%�0;�ö 6
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GEANIE (expt+ GNASH theory)
Arthur radchem (1979)
Constrained best value, 14.1 MeV
New evaluation

h�CFñSîJmcZáó0��M!<)Z ¡v¢ í¥õ�RÄK�ÿAR ö ELmcT%ana�anZ�ELXcCFT%R�XcT�Xc<JZPñ%mcT%î)RJ@�anXH>\X[ZS6
Z�a�X[Cb}�>AXcZ=TSwOXc<JZ=X[TAXH>S`{E�mcTSaca
anZ�ELXcCFT%RáXcT�X[<JZ=}�óxCbacT%}�Z�mLKSX[<)ZxE�T%R�XcmcCF~)î)X[CbT%RswymcTS} ñ%>S}�}�>\ò¦m[>�u
wyZ�ZL@JCFR)ñ�CbaxXH>SGAZ�R�wymcT%} Xc<JZ.l�ô�q�^1�°ôþ@?>\XH>)KJR)TSXDX[<JZ.lP^�q���?ÌE�>S`bE�îJ`F>AX[CbT%RÄ6
M!<JZ�l�^_q��@?ÛE�>S`FELîJ`i>AXcCFT%R.CFa�îJanZ�@¥X[TP@JZUX[Z�mn}�CbRJZ=Xc<JZDîJRJ}�Z�>SanîJmcZL@�RJZLî)X[mnT%R¥acCb@JZLwyZLZ�@JCbRJñ

E�TS}�ï;T%RJZLR�X�6�VW<)Z�R�Xc<JCFa!CbaD@JT%RJZ�õyBDCYX[<Î>�ÿ �J} îJR)E�Z�m�XH>SCbR�XvuÎ>SacanCFñ%RJZL@ ö KO>ARJ@¼>A@J@JZ�@�X[T¥X[<)Z}�Z�>SanîJmcZL@Úl�ô�qf^|�°ô¬ñ�>S}�}�>\ò¦m[>�uÕwyZLZ�@JCbRJñJKOX[<JZ.mcZ�anîJ`bX�CFa_ac<JTQBDRàCFR¼h�CFñ)6_ÿ�õ�=?`b`FZL@¼E�CbmcEL`FZ�a ö 6M!<JZLacZ!lPô�qf^|�°ô
ò°l�^_q��@?âmnZ�acî)`bX[a¯>SmnZÊ>S`FanTDE�T%}�ï?>SmnZ�@�BDCbXc<�Xc<JZÊ<JCFa�X[T%mnCFE
q�mnX[<�îJm|ZUgS>A`Fî?>AXcCFT%R
õ�mnZ�@Î@?>San<JZ�@�`FCFR)Z ö 6V Zs>S`FanT�E�TS}�ï?>AmcZPX[<JZ�l�ô�qf^|�°ô�ò�lP^�q���? mcZLacîJ`YX[a�BDCYX[<�TSX[<JZLm�}�Z�>SanîJmcZL}�ZLR�X[a�wyT%mDX[<)Z
}Îó�E�mcTSacaáacZLELXcCFT%RÄ6ÚqxX�ó � 6YóÎ5�Z5B�K
T%î)m�mcZLacîJ`YX[a¥>SmnZÕE�T%R)acCFa�X[ZLR�X¥BDCYX[<0X[<)Z�efCFZUX[mcCbEH<A254�6)8:9
}�Z�>SanîJmcZL}�ZLR�X�6¥M!<JZ�mnZ�>AmcZ�>S`FanT�TSX[<)Z�mP}�Z�>Sacî)mcZ�}�Z�R�Xca�~�uÚôÊ>Sï;Z�R7>SRJ@à~�uÚ5�T%R)R?>SRJ@ÚX[<?>AX
>SmnZ�CbRJE�TSRJacCbanX[ZLR�X_BDCYX[<�X[<)Z�ï)mcZ�anZ�R�X_B=T%mnG�>SRJ@�BDCbXc<¼efCbZLXcmcCFEH<1ù9ax@J>AXH>)6~ î)m�R)ZLB ZUgS>A`Fî?>AXcCFT%RâTAw�X[<)CFa¥E�mnT%aca�acZLELX[CbT%R CFa¥ac<JTQBDR¬>Aa�>àacTS`FCF@ã`bCFRJZ�ò�~?>AacZ�@+îJï;T%R
CFR{wyT%mc}�>AX[CbT%RswymnT%} lPôÊq�^1�°ô ü lP^�qf�@?.K�wymcTS}ûefCFZUX[mnCFEH<¥}�Z�>Sacî)mcZ�}�Z�R�Xca�K{>SRJ@¥wymcT%}÷Xc<JZ_E�T%R{òanXcm[>SCbR�XkTAw{Xc<JZ�X[TSX[>S`;õ�RÄK�ÿAR ö ELmcT%ana¯anZ�EUX[CFTSR�BD<JCbEH<sCba�G'R)T¨BDR.m[>AXc<JZ�m|ïJmnZ�ELCFacZL`buS6
h?îJmnXc<JZ�m�@)ZLXH>ACF`FaT%R Xc<JCFa�ZLgA>S`bî?>AXcCFT%R7>SmcZ�ñ%CbgSZ�R0`F>AX[ZLm�6�M!<JZÕ~)`FîJZ¥X[mnCi>SRJñS`FZ�>AX�ó � 6Yó�5�Z5B CFa�T%îJm.ZLgA>S`FîJ>AX[ZL@~;Z�anX�Z�a�X[Cb}�>AXcZfE�mnT%aca_acZLELXcCFT%R�ò�acZLZPXc<JZ�>SïJï;Z�RJ@)CY��wyT%m!<)T¨B X[<JCbaxBx>Aa�@JZUX[ZLmc}�CFRJZL@Ä6Y[ZfY ]<^ _a`�bdcfegbihkj@l$j#mon���e��Sx�l-�$n�r
pSîJa�XáT%RJZ�B4Z�>AG7ñ�>A}�}�>\òvmc>�u�wyZ�ZL@JCFRJñ�X[<JZÕ}�ÿÎCbacT%}�Z�mPB=>Sa�}�Z�>SanîJmcZL@â~�u0lPôÊq�^1�°ô!KkXc<�îJa
mcZLRJ@JZLmcCFR)ñÎXc<JZ�l�ô�q�^1�°ô Z-�)ï;Z�mnCF}�Z�R�XPCFRJ>S@JZ�ú�î?>\X[ZáwyT%m�CFR{wyZ�mcmnCFRJñ�CFR)wyT%mn}�>\X[CFTSR¼T%R�X[<)CFa�}�ÿ
E�mnT%acakacZLELX[CbT%RÄ6¯V Z�E�T%}�ï?>SmnZ�@�X[<JZ=l�ô�q�^1�°ô�}�Z�>SanîJmcZL}�ZLR�XkTSwJXc<JCFa|T%R)Z4ñ�>A}�}�>\òvmc>�u�wyZ�ZL@JCFR)ñ
X[<)Z�}�ÿÎCFanT%}�Z�m�K|BDCbXc<7Xc<JZ�E�>S`FELîJ`i>AXcZ�@7E�mcTSaca�anZ�ELXcCFT%R16Îq�ñ%mcZLZ�}�Z�R�XsB=>Saá>Añ�>SCFRÚacZLZ�R0XcT¼~;Z
w�>SCbmc`bu�ñ%T'T{@1K?>AX!X[<)Zsÿ � ï;Z�mnE�ZLR�X�`FZUg%ZL`�õ :=<?>S@{BDCFEHGOKdÿ �%�0;�ö 6
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GEANIE (expt+ GNASH theory)
Arthur radchem (1979)
�
Dietrich (1974)
Constrained best value, 14.1 MeV
New evaluation
Eapen (1975)
Monnand (1965, no errors given)

h�Cbñ%îJmcZ�ÿy��M!<JZ ¡v¢ í�õ�R1KÉÿAR ö ELmcT%ana�anZ�EUX[CFTSR�XcTáX[<JZP}Îó�CbacT%}�Z�mL6
hOTSmnX[î)R?>AX[ZL`bu�X[<JZ�}ÕÿáE�mnT%aca�acZLELX[CbT%R�Bx>Sa�}�Z�>Sacî)mcZ�@�~�uÎefCFZLXcmcCbEH<ÄK?acZLZ�h�CbñJ6 ; 6�V Z�ac<JTQBX[<)CFaá}�Z�>SanîJmcZL}�ZLR�X¥ELT%}�ï?>SmcZL@0BDCbXc<ãXc<JZ�<JCbanX[TSmcCFE�q�m�X[<�îJm¥ZLgA>S`bî?>AX[CbT%RWõymcZ�@ã@?>Aac<JZL@+`bCFRJZ ö 6q�ñSmcZ�ZL}�ZLR�XfCFa_acZLZ�R�XcT�~;Zsñ%T'T'@Ä6 ~ X[<JZLm�}�Z�>SanîJmcZL}�ZLR�X[a�~�u�ôÊ>Sï;Z�R�>SR)@¼~�u¼5�T%RJR?>ARJ@�>SmnZ

<JZLmcZ_E�T%RJanCFa�X[Z�R�XÊBDCbXc<�efCbZLXcmcCFEH<1ù9a�@?>\XH>)K�~Jî{X4}�Z�>AacîJmnZ�}�Z�R�X[aÊ~�udB�>SRF�1Z�CbanX�>SRJ@�~�u�l�>AmcñP>SmnZ
acZLZ�RÎX[T¥~dZPCbRJE�T%R)acCFa�X[ZLR�X�6~ î)m�R)ZLB ZUgS>A`Fî?>AXcCFT%RâTAw�X[<)CFa¥E�mnT%aca�acZLELX[CbT%R CFa¥ac<JTQBDR¬>Aa�>àacTS`FCF@ã`bCFRJZ�ò�~?>AacZ�@+îJï;T%R
CFR{wyT%mc}�>AX[CbT%RáwymcT%} lPô�qf^|�°ô ü l�^_q��@?÷õywyT%mÊX[<JZ_TSXc<JZ�m4ñJ69aL6Ê>SRJ@�}�ó�EH<?>SRJRJZL`Fa ö K{wymnT%} efCFZUXnòmcCbEH<�}�Z�>SacîJmnZ�}�Z�R�X[aLK?>SRJ@�wymnT%} Xc<JZ�E�TSRJanXcm[>SCbR�XDTAw¯Xc<JZfX[TAXH>S`
õ�RÄK�ÿAR ö ELmcT%ana!acZ�EUX[CbT%R�BD<JCFEH<�CFaG�RJTQBDRàm[>AXc<JZ�mfï)mcZ�ELCFanZ�`buS6Ph?îJmnXc<JZ�mf@)ZLXH>ACF`Fa�T%R¼Xc<JCFa�ZLgA>S`FîJ>AX[CbT%R�>SmnZ�ñ%CYg%Z�R�`F>AX[ZLm�6fM!<)Zá~J`FîJZ
X[mnCi>SR)ñ%`FZ�>AX.ó � 6Yóá5�Z5BûCba�T%î)m�ZUgS>A`Fî?>AXcZ�@�~dZLanXfZLanXcCF}�>AX[ZPE�mnT%aca�acZ�EUX[CbT%RÎò=acZLZ.X[<)Z�>SïJï;Z�R)@JCY�wyT%m!<JTQBÌXc<JCFaxB=>SaD@JZUX[Z�mn}�CbRJZ�@16

� U ���s����.�
����" �÷	����D�����	��
M¯TsZLgA>S`bî?>AXcZ_R)ZLB ¡v¢ í¥õ�RÄK�ÿAR ö E�mnT%aca�acZLELX[CbT%RJaÊX[T�X[<JZDñ%mnT%îJRJ@�anXH>\X[Z�>SRJ@�}Îó%K�}�ÿfCFacTS}�ZLmca�K�B4Z}�>SGSZ�îJacZfTAw�X[<JZfl�ô�qf^|�°ô�ò�lP^�q���? mcZLacîJ`YX[a=wyTSm�Xc<JZ�ñ%mnT%îJRJ@Õ>SRJ@Õ}Îó�a�XH>AXcZ�a�.{X[<JZ�efCbZLXcmcCFEH<
ó � 6Yó!5ÎZ<BÛ@J>AXH>DwyT%m�X[<JZ4}�ó4>SRJ@�}�ÿ!anXH>\X[Z�a<.�>SRJ@�X[<JZ4E�T%RJa�X[mc>SCFR�X¯X[<?>AX¯X[<)Z�XcTSXH>S`dõyRÄKÉÿ\R ö ELmcT%anaacZLELXcCFT%R7CFa�G�RJTQBDRâ>SELE�îJmc>AX[ZL`buà>AX�ó � 6bó�5�Z5B�6�V Z�anX[>SmnX�~�uàZLgA>S`bî?>AXcCFRJñÕXc<JZ�~;Z�a�Xnò¦Z�anXcCF}�>AX[ZE�mnT%aca_acZLELXcCFT%RJa_>AXPó � 6bó.5�Z5B�K;>SRJ@�Xc<JZ�R�ïJmcT'E�ZLZ�@�X[T�>S`F`1CFRJELCF@JZLR�XDZLRJZ�mnñ%CFZLa�6
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(GEANIE experiement unable to determine this isomer)�
Arthur (1979) radchem
�
New evaluation
Dietrich (1974), Livermore
Eapen (1975)
Monnard, 1965 (no errors given)
Van Zelst (1968)
�
Garg (1979)
�
Constrained best estimate at 14.1 MeV
�

h�Cbñ%îJmcZ ; ��M!<JZ ¡v¢ í�õ�R1KÉÿAR ö ELmcT%ana�anZ�EUX[CFTSR�XcTáX[<JZP}�ÿáCbacT%}�Z�mL6� Z+\ ��rtl x@x�x@n�¡�jt��lsb¢z�jE\ � ZS\�£ n�¤
V7Z�<?>�gSZ¼CFR)E�`Fî)@JZ�@ãX[<JZ�z�CbgSZ�mc}�T%mnZ�efCFZLXcmcCbEH< ZUXÕ>A` 6 ó � 6Yó¼5ÎZ<B @?>AXH>àCFR T%îJm¥ZUgS>A`Fî?>AXcCFT%R~;Z�E�>AîJacZPB=ZP~;Z�`bCFZLgSZfX[<JZL} X[T¥~;ZPmcZ�`bCi>S~)`FZS6¯V Z�@)T�RJTAXD<?>�g%ZPacîJEH<�E�T%R�=?@JZ�R)E�Z�CFR�X[<JZ�TAX[<JZLm
}�Z�>SanîJmcZL}�ZLR�Xca�~�uáôÊ>Sï;Z�RÄK'5�TSRJR?>SRJ@1K)B�>SR¥�1Z�CbanX�K�>SRJ@�lP>Smcñ)K%>SRJ@á<J>QgSZxX[<JZLmcZUwyT%mcZxR)TSX�îJanZ�@
X[<)Z�} õyXc<JT%îJñS<�B4Z�<?>�g%Z�ac<JTQBDR�Xc<JZ�} CFR�X[<JZPZ�>Smc`bCFZ�ms=?ñ%îJmnZ�a ö 68x>SacZL@¬T%R¬> B4Z�>S`YX[<ÛTAwP@?>AXH>ÚwyT%m�Xc<JZ¼X[TAXH>S` ¡v¢ í�õyRÄKÉÿ\R ö ¡v¡ í E�mcTSaca�acZLELXcCFT%RÄK_efT%RÛ8x>SmcmZLgA>S`bî?>AXcZ�a.Xc<JCFaPELmcT%ana�acZLELX[CbT%R0>Aa $S��� }�~�¦ ÿ } >\X�ó � 6bó�5�Z<B õæ8x>Amcm�K
ÿ �%� ÿ ö 6�^_TSX[Z�X[<?>AXX[<)CFa_CFaD~?>SanZ�@�T%R�X[<)Zsz�qf^�z0}�Z�>Sacî)mcZ�}�Z�R�X�}�ZUX[<JT'@JT%`bT%ñSu�õ�E�TSîJR�X[CFR)ñ�}�ZLX[<)T{@JaDELT%RJacCbanXcZ�R�X
BDCbXc<�X[<JTSacZ�îJanZ�@à>AwÁXcZ�m�>�X[Z�a�X ö 6�M!<JZ�õ�R1KÉÿAR ö @?>AX[>Õ>SmcZsac<JTQBDRàCFR¼h�CFñJ6 � 6�M!<)CFa1=Jñ%îJmcZ�>S`FanT
ac<)T¨BDasq�mnXc<�îJm�ùra�<JCbanX[TSmcCFE¥ZUgS>A`Fî?>AXcCFT%R+õy@?>Sac<)Z�@0mnZ�@0`bCFRJZ ö K¯>SRJ@0TSîJm.R)ZLB ZLgA>S`bî?>AXcCFT%R+õ�~;T%`b@acTS`FCF@�`bCFRJZ ö BD<JCFEH<ÎCFa!@)Z�acELmcCb~dZL@�CbRÎ}�T%mnZ�@JZLX[>SCF`Ä~;Z�`bTQBP6V Z�<?>�g%ZfîJR)@JZ�m�XH>SGAZ�R�>�8x>�uSZ�acCF>SR�>SRJ>S`bu'acCba4TAw�X[<JZLacZf@?>\XH>s>\X�ó � 6bóf5�Z<BsK)CFR)E�`Fî)@JCFRJñPX[<)Z>S~;TQg%Z�E�T%RJa�X[mc>SCFR�XDwymcT%} X[<JZ�X[TAXH>S`�õyRÄKÉÿ\R ö E�mcTSaca_acZ�EUX[CbT%RÄKOñ%Cbg'CbRJñ�X[<JZ�wyT%`b`FTQBDCFR)ñámcZ�anîJ`bXca.õ�acZLZq�ï)ïdZLRJ@JCY� ö �
M!<JZ�anZ�~;Z�a�Xnò¦Z�anXcCF}�>AX[Z=ZLgA>S`FîJ>AX[ZL@�mnZ�anîJ`bXca4>\XDó � 6Yó_5�Z<B >SmnZ!ac<JTQBDR�CbR3=?ñ%aL6bó%K�ÿ{K ;wyT%m|X[<JZ4ñJ6ra�6YK%}�óSKS>SR)@�}ÕÿDCFanT%}�ZLmcaLKS>Sak~J`Fî)Z4X[mnCi>SR)ñ%`FZLa�6k:=`FZ�>Smc`Yu�X[<JZUus>AmcZ=CbRsñ%T'T'@s>SñSmcZ�ZL}�ZLR�X
BDCbXc<�X[<)Zf<JCFa�X[T%mnCFE�>S`JgA>S`FîJZLa�õymcZ�@�@J>Sac<JZL@�E�îJm�g%ZLa ö TSw|q�mnX[<�îJmL6�qxXfó � 6bóP5ÎZ<B Xc<JZf@JZUg'Ci>AXcCFT%RJaE�TS}�ï?>AmcZ�@�XcTfq�m�X[<�îJm�wyTSm¯Xc<JZxñ%mnT%îJRJ@áa�XH>AXcZSK�>SR)@á}�ó%KA}ÕÿDCFanT%}�ZLmcaLK%>SmnZ � 6 � ÿ{K\ò°ÿ{6 $0; K\ò�K)6 � ÿ }mcZLïdZLELXcCbg%ZL`buS6�M!<JZ�mnZLwyT%mnZSK�T%îJm�B4T%mcG�<J>SaÊïJmcTQg'CF@JZL@�>fgA>S`bCF@?>AXcCFT%RsTSwdXc<JZD<JCFa�X[T%mnCFE�>S`)ZUgS>A`Fî?>AXcCFT%R
~�u�q�m�X[<�îJmL6�M!<JZ�X[TSX[>S`�õyRÄKÉÿ\R ö E�mnT%acaDanZ�ELXcCFT%RÕB4ZPT%~)X[>SCFR�>\X�ó � 6Yó�5�Z<B�Cba $��S� }s~�òÊac`bCFñ%<�X[`Yu<JCbñ%<JZ�mÊX[<J>SR�8x>Smnm�ùra=ZUgS>A`Fî?>AXcCFT%R�TSw $A��� }�~�õ§¦ ÿ }¥ö ~;Z�E�>SîJacZ�TSwÄX[<)Z�<JCbñ%<JZ�m=lPôÊq�^1�°ôã@?>AX[>
wyT%mxXc<JZPñ%mcT%î)RJ@�a�XH>AXcZ�õ�acZLZ�Xc<JZPq�ïJï;Z�R)@JCY� ö K?~)î)XDB=ZL`F`1BDCYX[<JCbR�Xc<JZ.ÿ } î)RJE�ZLmnXH>ACFR�Xvu%6
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Y(n,2n) cross section©

GNASH calc.
ª
Arthur (1979) radchem
«
Bayhurst (1975)
¬
Bayhurst (1975)b
¬
Nethaway (1972)

Filatenkov (1999)
®
Ghorai (1975)
ª
Greenwood (1987)
ª
Veeser (1976)
¯
Vonach (1959)
¯
Wagner (1989)
°
New evaluation


h�Cbñ%îJmcZ � ��M!<JZ ¡v¢ í�õ�R1KÉÿAR ö XcTSXH>A`ÄE�mnT%aca_acZLELX[CbT%R7õ�anîJ} TSwkñ%mcT%î)RJ@ÄK?}ÎóP>SRJ@Î}Õÿ ö 6� Z�e ��rtl x@x�x@n�¡�jt��lsbox²±�rtl-� jtmortn�x@mol-³�v´j#l�egµa£ n�¶
q�m�X[<�îJmLù9aÊT%mnCFñ%CbR?>S`�ZLgA>S`bî?>AXcCFT%RsB=>Sa�~?>AacZ�@¥T%R¥>fE�>S`FELîJ`i>\X[CFTSR.anCF}�CF`i>Am|XcTfX[<JZ=ïJmcZLacZ�R�X=lP^�q���?
E�>A`FE�î)`i>AXcCFT%RÄ6�j�<�u'acCFE�>S`F`Yu%K1Xc<JZáZLgA>S`bî?>AXcZ�@�mcZLacîJ`YX[aP>SmnZáZU�{ï;Z�ELXcZ�@àX[T�~;Z�anXcmcT%RJñS`bu�ELT%mcmnZ�`F>AX[ZL@
>AXPRJTAX[<JZLm�Z�î)XcmcT%RàZ�R)Z�mcñSCFZ�a�~;Z�E�>SîJanZ¥gA>S`bîJZ�aP>\XP>S`F`kZ�RJZLmcñ%CbZ�aP>SmnZá~?>SanZ�@àT%RÚ>ÕE�T%}�}�T%R�acZUX
TSw4R�îJE�`bZ�>SmP`FZUg%ZL`�@JZ�RJanCbXcCFZ�aLK�X[m[>ARJac}�CFanacCFTSR�E�T'Z<·�E�CbZ�R�X[aLK P�QSR 6¥M!<'î)a�K|B=Z�<?>�g%Z�T%~)X[>SCFRJZL@àmcZUòZLgA>S`bî?>AXcZ�@àE�mnT%acaPacZLELXcCFT%RJafwyTSm�X[<JZáñSmcT%îJR)@ÄK|>SRJ@à}Îó%KÄ}�ÿ�CFacTS}�ZLmcaf~�u�anE�>S`bCFRJñ�Xc<JZá<JCbanX[TSmcCFE
q�m�X[<�îJmfELmcT%anafacZLELXcCFT%RJa�~�u � 6 � ÿ{K?ò�ÿ{6 $0; K?ò�K{6 � ÿ } ~dZL`FTQB ó � 5�Z5B�6dqxXf<JCbñ%<JZ�m�Z�RJZLmcñ%CbZ�a�õ�ó � òÿ � 5�Z<B ö B4Z¼<J>QgSZ�~J>SacZL@ÛT%îJm¥RJZUB ZLgA>S`bî?>AX[CbT%RJaáT%R X[<JZ�RJZUB l�ô�q�^1�°ô ü lP^�q���? @?>\XH>)KX[TSñ%ZLXc<JZ�m¥BDCbXc<+X[<)ZÎXcTSXH>S`�õyRÄK�ÿAR ö E�T%RJa�X[mc>SCFRÄ6+M!<JZ¼R)ZLB ZLgA>S`bî?>AXcCFT%RJa¥>AmcZÎac<JTQBDR¬>Sa�acTS`FCF@~J`F>SEHGÕ`FCbRJZ�a!CbRÎh�CFñ%aL6xó%K�ÿ{K ; K � 6¸ ì � #����!� ��" ������	��iC�� $S$ & ()"+*-,."0/ $�2 & �_	����
� �����!���L��" ���

ë"�D¹Që º �"» ¹
q�a|CbRJ@JCFE�>AX[ZL@�CFR�Xc<JZ�vR�X[mcT'@JîJEUX[CbT%RÄK�wyT%m�`bT¨Bàý?î)Z�RJELZ�a|X[<JZÊ>�g%ZLm[>SñSZ�ELmcT%ana�acZLELX[CbT%R�wyT%m ¡v¡ í¥õ���	Hÿ�� ö ¡°ä íCFa�ñ%CbgSZ�R�~�u¼ô�ú;6¯ó%6�M!<JCFa�>S`F`bT¨BDa_îJa_X[TÕELT%}�ïJ>SmcZPX[<JZs>�g%Z�mc>Sñ%Z�ELmcT%anafacZLELXcCFT%R�~J>SacZL@�T%R¼X[<)Z
RJZUB¾ZLgA>S`bî?>AX[CbT%RÕBDCbXc<�X[<?>AXD~J>SacZL@¼T%R�X[<)Z�<)CFanXcT%mcCbE�q�m�X[<�îJmDZLgA>S`bî?>AX[CbT%R�>AXPó � 6bó.5�Z5B�6M!<JZ�õyRÄK�ÿAR ö E�mnT%aca�acZLELX[CbT%R¥wymcT%}÷Xc<JZ ¡v¡ í ñ%mcT%î)RJ@�a�XH>AXcZ_B=>Sa�}�Z�>Sacî)mcZ�@�CFR�>P<JZ�mnT%CFE!}�Z�>\òacî)mcZ�}�Z�R�X�~�usj�mcZ�a�XvB=T'T'@ÄK�^�ZUX[<?>�B=>�uG254¼6)8:9FKSCbR�>�z¯z|^�zÄòvz�qf^�z�ELT%`F`F>S~dTSm[>AXcCFT%R�õ�jÊmnZ�a�XvB=T'T{@1K
óQ�J½¾½ ö 6ÎM!<JZ�õ�RÄK�ÿAR ö E�mcTSaca�anZ�ELXcCFT%RÚwymcT%} Xc<JZ�}ÎóÕ>SR)@ }�ÿÎCFanT%}�Z�mcaLK
>Sa�XH>Smnñ%ZLXca�Kk<?>�g%ZÕRJTAX~;Z�Z�R }�Z�>SacîJmnZ�@ÄK
>SRJ@ B4Z�mnZ�@JZUX[Z�mn}�CbRJZ�@ ~�uÚq�mnX[<�îJm.îJacCbRJñ�lP^�qf�@? }�T'@JZ�`ÊE�>S`FELîJ`i>AXcCFT%R)a�6
V7Z�<?>�g%Z�>S@JT%ï{X[Z�@7õyîJRJEH<?>SR)ñ%Z�@ ö q�mnXc<'î)m�ùra_TSmcCFñSCFR?>S`OZUgS>A`Fî?>AXcCFT%R�wyT%m4Xc<JZ�anZ ¡v¡ íÌXH>Smnñ%ZLX!ELmcT%ana
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acZLELXcCFT%RJaL6
V Z�R)Z�Z�@�XcTÕZ�a�X[Cb}�>AXcZsîJR)E�Z�m�XH>SCbR�X[CFZLafT%R¼Xc<JZ ¡v¡ í¥õ���	Hÿ�� ö ¡°ä í E�mnT%aca�acZ�EUX[CbT%RJa�KdBD<JCFEH<�B4ZT%~)X[>SCFR)Z�@�wymcT%} X[<JZ¥<JCbanX[TSmcCFEsq�mnXc<�îJmPZLgA>S`FîJ>AX[CbT%RÄ6áh?T%mfXc<JZ¥ñ%mcT%î)RJ@7a�XH>AXcZáXH>Smnñ%ZLX�KÄB=Z�Z�a�X[CYò

}�>AX[Z ; 6¿K } îJRJELZ�m�XH>SCbR�Xvu�anCFRJELZ_Xc<JCFaÊCFa�Xc<JZ�ú�îJTAX[Z�@�ZU�{ïdZLmcCb}�ZLR�X[>S`OîJRJELZ�mnX[>SCFR�Xvu�õ�8x>SmcmLK{ÿ �%� ÿ öT%R�Xc<JZ!}�Z�>Sacî)mcZ�@¥@?>\XH>áõ°ó%ó¨ÿS�f}�~sïJ} ��� }s~ ö 6�ô�gSZ�R¥X[<JTSîJñ%<�X[<)ZxRÄK�ÿAR¥E�mcTSaca�acZLELXcCFT%RJa
wymnT%}¡v¡ í }Îó!>SRJ@¥}�ÿ_XH>Smnñ%ZLXca�mcZL}�>SCbR�îJRJ}�Z�>AacîJmnZ�@ÄK�B4Z!ZU�{ïdZLELXÊX[<J>AX�X[<JZ!<)CFanXcT%mcCbE=q�mnX[<�îJm�}�T'@JZ�`
ïJmnZ�@JCbELX[CbT%RJa!>AmcZ�mnZ�`bCi>S~J`bZS6kM!<JZ�mcZ�>SacT%R�Cba4Xc<?>AXxXc<JZPlP^�q���? }�T'@JZL`dE�>S`FELîJ`i>AXcCFT%R)a�B4Z�mnZo=?mca�X
ï;Z�mnwyTSmc}�Z�@�wyTSm�Xc<JZ ¡v¡ í ñ%mcTSîJRJ@�a�XH>AXcZSK'BD<JZ�mnZ�}�Z�>SanîJmcZL}�ZLR�Xcax@JT.ZU�{CFa�X[a�6��'CFRJELZ�E�>A`FE�î)`i>AXcCFT%R
>SRJ@¼ZU�{ïdZLmcCb}�ZLR�X�>Sñ%mnZ�ZPB=ZL`F`¯<JZ�mnZSKOX[<JZ.a[>S}�Z�}�T'@JZ�`|CbRJïJî)X_ï?>Smc>S}�ZLX[ZLmca�>SmcZ�X[<JZLR¼îJanZ�@�wyT%m
X[<)ZÕCFanT%}�ZLm�ò XH>Smnñ%ZLX.E�>S`bE�îJ`F>AX[CbT%RJaL6�M!<JZ�ZU�{E�CYXH>AXcCFT%R0ZLRJZ�mnñSu7Z<ÀdZ�ELX¥TAwxX[<JZ�CFacTS}�ZLm.XH>Amcñ%ZUX�CFa
>SR?>A`FT%ñ%TSîJakXcT�>SR�CbRJE�mnZ�>SanZ�@¥CFRJELCF@JZLR�X
Z�R)Z�mcñAu%K�acTfXc<?>AX�ïJmcZL@JCFEUX[CFR)ñ�X[<JZ=E�mcTSaca
anZ�ELXcCFT%R)a�wyT%m�CbacTAò
}�Z�m4X[>SmcñSZLX[a=CFa=anCF}�CF`F>Sm
X[T�ï)mcZ�@)CFELXcCFRJñsZU�{E�CYXH>AXcCFT%R�wyîJRJELXcCFT%R)a4wyT%m4Z�RJZLmcñ%CbZ�a!>S~;TQg%Záó � 6bóf5�Z<BsK>AwÁXcZ�mDE�>S`bE�îJ`F>AX[CbT%R�>SR)@�}�Z�>SanîJmcZL}�ZLR�X�>Añ%mcZLZ.>\X.ó � 6bó.5�Z5B�ø�anT%}�ZUX[<JCbRJñáX[<?>\X�E�>SRÎ~dZP@JT%R)Zw�>SCbmc`buÎmnZ�`FCF>S~J`Yu%6fM!<JZá}Îó�CbacT%}�Z�mfCba�TSw�`bT¨B anïJCFR õ°ó �Pö K1BDCYX[<à>SR�Z-�)ELCbX[>AX[CbT%R�Z�R)Z�mcñAuãõ � 6 ; � ;5�Z5B ö K'>SR)@�Xc<'î)aÊB4ZDX[<JCbRJG.Xc<?>AXÊX[<JZ�lP^�qf�@?Û}�T'@JZL`JE�>S`bE�îJ`F>AX[CbT%R�Z-�{Xcm[>Sï;T%`F>AX[CbT%RJa
wymcTS} X[<)ZG�RJTQBDR0ñ%mnT%îJRJ@ÚanX[>AX[ZáXH>Amcñ%ZUX�XcTÎXc<JZ¥îJRJ}�Z�>SanîJmcZL@ }Îó¥CFacTS}�ZLmP>SmcZáB4Z�`F`�ELT%RJa�X[m[>ACFRJZL@ÄK�>ARJ@
B4Z�ZLanX[Cb}�>\X[Zá>�}Îó�XH>Smnñ%ZLX ¡v¡ í¥õ��
	-ÿ�� ö ¡°ä í îJRJELZ�mnX[>SCFR�Xvu�TAw �0} 6d?_TQB=ZUg%Z�mLKkXc<JZá}Õÿ�CbacT%}�Z�m
CFa!TAwk<)CFñ%<�acï)CFRÚõ $0��ö K)BDCbXc<Î>SR�ZU�{E�CYXH>AXcCFT%RÕZLRJZ�mnñSu7õ � 6ÁK 2S� 5�Z<B ö K?>SR)@�Xc<JZ.l�^_q��@?Ì}�T'@JZ�`E�>A`FE�î)`i>AXcCFT%R�Z-�'X[m[>AïdT%`F>AX[CbT%RJa�wymnT%} Xc<JZDG�RJTQBDR�ñ%mnT%îJRJ@¥anX[>AX[Z!X[>Smcñ%ZUX�X[T�X[<)Z_î)RJ}�Z�>Sacî)mcZ�@�}�ÿ
CFanT%}�Z�m�>SmnZá`FZLacafB4Z�`F`�E�T%RJa�X[mc>SCFRJZL@Ä6Â�vR�XcZ�mcZLanXcCFRJñ%`Yu%K�CbRJanXcZ�>S@àTSw4~dZLCFRJñ�<)CFñ%<JZLm�X[<J>SR�X[<JZáñJKra�K
T%m4}�ó_XH>Smnñ%ZLX�õæ>Sa4T%RJZ�B4T%îJ`b@ÕZU�{ï;Z�EUXxwymcT%}AÃnîJa�X!Z�R)Z�mcñAu�ELT%RJacCb@JZ�mc>AX[CbT%RJa ö Xc<JZfïJmnZ�@JCbELX[ZL@Õ}�ÿXH>Amcñ%ZUX.CbaP>SELXcî?>S`b`bu�`FTQB=ZLm�K|~;Z�E�>AîJacZ�TSwxanïJCFR'òv@JZLïdZLRJ@JZ�R�X.`FZUg%Z�`�@)Z�RJanCbXvuàïJ<?>AacZ¥acï?>AE�Z�Z<ÀdZ�ELXca
CFR�Xc<JZ¥RÄKÉÿ\R7mnZ�>SEUX[CFTSRÄ6áV Z¥<?>�g%Z�ZU�{ïJ`bT%mcZL@7@)C>ÀdZ�mcZLR�X.}�T'@JZ�`bCFRJñ�>Aacacî)}�ï)XcCFT%R)aPXcT�Z�anXcCF}�>AX[Z
>SR�îJR)E�Z�m�XH>SCbR�Xvu¼T%R�X[<JCba�ïJmnZ�@JCbELX[CbT%RÄKdmcZ�anîJ`bXcCFRJñ�CFR�>AR�Z�a�X[CF}�>AXcZ�@�}�ÿ¥X[>Smcñ%ZUX ¡v¡ í¥õ�RÄK�ÿAR ö ¡°ä íîJRJELZ�m�XH>SCbR�Xvu�TAw=ó �)} 6�q�`F`1Xc<JZ�anZ.î)RJE�ZLmnXH>ACFR�X[CbZ�a_>SmcZáóUòvacCbñ%}�>)6�vRÕô�ú�î?>AX[CbT%RÎó%K'Xc<JZ_~dZLanXnò¦Z�a�X[CF}�>AXcZ_~)m[>SRJEH<)CFRJñ.m[>AXcCFT%a�X[TPX[<)Z�ñ%aLK{}Îó_>SRJ@�}�ÿP>SmcZ � 6¿K 2 �)K
� 6YóÄK � K�>ARJ@ � 6bó �S� mnZ�anïdZLELX[CYg%ZL`bu�õ�ELT%}�ï?>SmcZL@�XcTP<JCFa�X[T%mnCFE!q�m�X[<�îJm�gA>S`Fî)Z�aÊTSw � 6ÁK)K%�)K � 6YóÄK $ K�>ARJ@
� 6YóÄK ;�ö 64M!<)Z�ó � 6Yós5�Z<B ¡v¡ í�õ���	-ÿ � ö E�mcTSaca_acZ�EUX[CbT%RJaDwymcT%} Xc<JZ�ñ%mcT%î)RJ@ÄKO}�óSK?>SRJ@�}Õÿ�anX[>AX[ZLa>Sa!XH>Amcñ%ZUX[a_>SmcZáóSó¨ÿ ; }�~G¦ ��� }�~ÄK�óQÿ ;%$ }�~G¦�K�ÿ�}�~ÄK $%� K�}�~G¦ ó¨ÿ $ }�~ÄK)mcZ�anïdZLELXcCbg%ZL`buSK>Sa!XH>AGSZ�RÎwymcT%} X[<JZPq�mnX[<�îJm ¡v¡ í XH>Amcñ%ZUXDZLgA>S`FîJ>AX[CbT%R�îJRJEH<?>ARJñ%Z�@16
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